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Optical Communication Method and Apparatus 
Field of the Invention 

The present invention relates to optical communications, and more 
specifically to a method and apparatus for processing and amplifying of optical 
5 signals using semiconductor optical amplifiers. 



Background of the Invention 

An optical limiting amplifier is an optical amplifier that yields an output 
power which is insensitive to the variation of the input power. The gain of an 

10 optical limiting amplifier varies with the input power, and the response time is 
characterized by the gain recovery time of the optical amplifier. Examples of 
optical limiting amplifiers include deeply saturated erbium-doped fiber amplifier 
(EDFA) and deeply saturated semiconductor optical amplifier (SOA). The gain 
recovery time of a saturated EDFA is usually on the order of a millisecond, 

15 whereas the gain recovery time of a saturated SOA ranges from picoseconds to 
nanoseconds. Depending on the gain recovery time, the optical limiting amplifier 
may find a wide range of potential applications in optical communication 
systems. It can be used as a power equalizer at the optical transmitter to 
regulate the launch power; it can be used at optical add-drop nodes to suppress 

20 transient optical power fluctuations; it can be used as an optical preamplifier in 
front of a receiver to increase the receiver's power dynamic range; it can also be 
used to erase amplitude-shift keyed (ASK) optical labels on optically labeled 
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signals. Since the gain dynamics of the EDFA is very slow, it is only good for 
suppressing slow power fluctuations at its input and not suitable for fast power 
equalization. The SOA, on the other hand, has much faster gain dynamics and 
is capable of regulating the optical power on a much smaller time scale. 

5 However, the use of a deeply saturated SOA as a power-limiting amplifier -has 
been considered not practical because the gain recovery time of the SOA is 
comparable to the bit period and hence strong waveform distortion occurs when 
the SOA operates in the deep saturation regime with the conventional on-off 
keying (OOK) optical signals. 

10 Novel modulation schemes have been considered to improve the 

performance of saturated SOAs. Recently, significant reduction of cross-gain 
modulation in the SOA was successfully demonstrated for wavelength-division 
multiplexed (WDM) transmission with return-to-zero differential phase-shift 
keying (RZ-DPSK), see P. S. Cho and J. B. Khurgin, "Suppression of cross-gain 

15 modulation in SOA using RZ-DPSK modulation format," IEEE Photon. Technol. 
Lett,, vol. 15, pp. 162-164, 2003. However, no prior art schemes have proposed 
employing a deeply saturated SOA as an optical power limiting amplifier to 
rapidly equalize the power of an optical signal. 

20 Summary of the Invention 

The present invention provides a method for optical amplification. The 
method includes generating a phase-shift keyed optical signal and propagating 
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the optical signal through a semiconductor optical amplifier in deep saturation to 
automatically adjust, limit or regulate the amplified optical power to a 
predetermined or desired level, (e.g. the saturation output power of the SOA). 
A channel power equalizer is also provided including a demultiplexer for 
5 demultiplexing an optical signal comprising a plurality of channels employing 
phase-shift keying, a multiplexer for multiplexing the plurality of optical channels, 
and a plurality of semiconductor optical amplifiers coupled to the demultiplexer 
and the multiplexer and adapted to provide optical power equalization of the 
plurality of channels. 

10 

Brief Description of the Drawing 

Fig. 1 is a diagram showing an SOA in accordance with aspects of the 
present invention; 

Fig. 2 is a plot showing gain saturation characteristics of an SOA; 
15 Fig. 3 is a schematic diagram of an experimental setup of an optical 

communication system in accordance with aspects of the invention; 

Figs. 4a-p show the eye diagrams of received optical signals of different 
modulation formats at various input powers; 

Fig. 5 shows an optical power spectra at the output of an SOA with 
20 different SOA input power levels; 

Fig. 6 shows measured receiver sensitivities of different modulation 
formats at various SOA input power levels; 
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Fig. 7 shows the measured receiver sensitivities of the RZ-DPSK signal 
amplified by the SOA with input powers of -18 dBm, -10 dBm, -3 dBm, and +4 
dBm; 

Fig. 8 is a diagram of an embodiment of a gain equalizer according to the 
5 invention; and 

Fig. 9 is a diagram of an embodiment of an optical add/drop multiplexer 
with power equalization function according to the invention. 

Detailed Description of the Invention 

10 The present invention provides a method and apparatus for processing 

and amplifying of optical signals using semiconductor optical amplifiers (SOA). 
Fig. 1 shows a semiconductor optical amplifier according to aspects of the 
invention. A deeply saturated semiconductor optical amplifier (SOA) 100 is 
used to amplify an input optical signal that is a return-to-zero differential phase- 

15 shift keying signal (RZ-DPSK). The RZ pulses preferably have a duty cycle of 
50% or less. The bit rate is typically 10 Gb/s (or 40 Gb/s), which corresponds to 
a bit period of 100 ps (or 25 ps). The SOA preferably has a gain recovery time 
that is larger than the bit period. 

According to the teachings of the prior art, it is understood that SOAs 

20 operating in the deep saturafion regime perform poorly with conventional on-off 
keying (OOK) signals, resulting in severe waveform distortions or pattern effects 
due to the fast gain dynamics of the SOA. However, according to aspects of the 
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present, a deeply saturated SOA is used to provide efficient optical power 
amplification and/or power equalization of RZ-DPSK signals. 

Unlike conventional OOK signals, a DPSK signal encodes the binary 
information in the relative phase-shift between two adjacent light pulses, for 
5 example, a digital "1" is represented by a tt phase-shift and a digital "0" is 
represented by no phase-shift. Consequently, the intensity profile of an RZ- 
DPSK signal is independent of the binary information it carries (i.e. a data 
independent intensity profile), and the pattern effect in an SOA can be 
eliminated even in the deep saturation regime. 

10 It is to be understood that the present invention can be applied using 

other modulation formats including, for example, the DPSK variant known as 
7t/2-DPSK, regardless of RZ or NRZ, while providing the same advantages of 
data-independent intensity profile signals (see X. Wei, et al., "Optical 7t/2-DPSK 
and its tolerance to filtering and polarization-mode dispersion", IEEE Photonics 

15 Technology Letters, Vol. 15, pp. 1639-1641, 2003, which is incorporated herein 
by reference). Another modulation format with a data-independent intensity 
profile, which may be use in accordance with the present invention is return-to- 
zero differential quadrature phase-shift keying (RZ-DQPSK). 

"Deep saturation", as used herein, is discussed below with regard to 

20 specific embodiments. Fig. 2 shows the output power vs. input power 
characteristics of an SOA that was used in an experimental demonstration of 
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aspects of the present invention. The SOA was a commercial unit with a gain 
recovery time of approximately 200 ps. The driving current was set to 200 mA. 
The input signal was RZ-DPSK. (Additional details of the experimental 
demonstration are discussed below.) 

5 The gain of the SOA is 20 dB in the small-signal regime, and it drops by 

--3 dB when the input power increases to -10 dBm. As shown in Fig. 2, the slope 
in the Pout(dBm) vs. Pin(dBm) plot was used to quantify the degree of saturation. 
The regime in which the PoJdBm) vs. P|n(dBm) slope is larger than 0.75 will be 
called the linear regime; the regime in which the P^^dBm) vs. Pin(dBm) slope is 

10 smaller than 0.75 is referred to herein as the saturation regime; and the regime 
in which the P^^dBm) vs. PJdBm) slope is smaller than 0.25 is referred to 
herein as the deep saturation regime. In the example shown in Fig. 2, Pj^ < -15 
dBm is the linear regime, P|n > -15 dBm is the saturation regime, and Pj^ > -4 
dBm is the deep saturation regime. 

15 In the deep saturation regime -4 dBm < Pjn < 4 dBm (total power variation 

of 8 dB), the variation of SOA output power is less than 2 dB. According to 
aspects of the invention, limiting amplification is provided through suppression 
of the output power variation in the deep saturation regime of an SOA. 

Fig. 3 shows the experimental apparatus 300 that was used to 

20 demonstrate the performance of an SOA as a limiting amplifier for RZ-DPSK 
transmitter in accordance with an embodiment of the present invention. Those 
skilled in the art will appreciate that the experimental apparatus 300 can be 
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modified to test other modulation formats, such as, NRZ-DPSK. RZ-OOK, and 
NRZ-OOK for comparison. (For NRZ-DPSK and NRZ-OOK, the pulse generator 
is bypassed. For OOK, the driver voltage and bias of the Mach-Zehnder 
modulator need to be adjusted and the optical delay interferometer and 

5 balanced detector are replaced with a regular detector) 

The apparatus 300 was used to study RZ-DPSK, NRZ-DPSK, RZ-OOK, 
and NRZ-OOK signals. The laser 310 was a tunable laser operating at 1550 
nm. The pulse generator 320 produced chirp-free optical pulses with a 
repetition rate of 10 GHz and a duty cycle of 50%. The Mach-Zehnder 

10 modulator 330 was driven with a 10-Gb/s pseudo-random bit sequence (PRBS) 
of length 2^^-1 . EDFA-1 340 was used to amplify the signal power to reach the 
deep saturation regime of the SOA 350. The optical signal-to-noise ratio 
(OSNR) of the SOA 350 input signal was higher than 35 dB (defined with 0.1- 
nm bandwidth for the noise power), therefore the effect of the amplified 

15 spontaneous emission (ASE) noise produced by EDFA-1 340 could be 
neglected. The signal power at the SOA 350 input was varied between -28 dBm 
and 4 dBm by adjusting the variable optical attenuator VOA-1 360. VOA-2 370 
and EDFA-2 380 were used to measure the receiver sensitivity of the SOA 350 
output signals. The VOAs 360,370 had built-in optical power meters to monitor 

20 the power levels. The optical bandpass filters OBPF-1 385 and OBP-2 386 had 
3-dB bandwidths of 0.6 nm and 0.8 nm, respectively. An optical delay 
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interferometer 390 with a 100-ps delay and a balanced detector 395 were used 
to detect the DPSK signals. 

Figs. 4 a-p show the eye diagrams of the received signals of RZ-DPSK, 
NRZ-DPSK, RZ-OOK. and NRZ-OOK (a-d, e-h, i-l, and m-p respectively) with 

5 four different power levels at the input of the SOA 350. The SOA 350 input 
powers (P J are indicated above the eye diagrams. 

To measure these eye diagrams, the power level at the input of EDFA-2 
380 was set relatively high (-20 dBm) to avoid OSNR degradation. As 
discussed above, RZ-OOK and NRZ-OOK show strong pattern effect with high 

10 input powers. The large "noise" on the zero rail of OOK is due to the fact that 
the "0"s experience much higher gain than the "1"s. In comparison, RZ-DPSK 
was found to have a distinct advantage in the deep saturation regime, showing 
almost no distortion in the received eye diagram. 

The RZ shape in the RZ-DPSK diagrams is unchanged even with deep 

15 saturation. It was understood that that this is due to having the SOA gain 
recovery time (200 ps in the experiment) that was longer than one bit period, 
and consequently, the gain does not change rapidly across one bit slot even 
though the SOA 350 was deeply saturated. This introduces some chirp to the 
pulses, as indicated by the broadening of the optical power spectra shown in 

20 Fig. 5. However, since the chirp introduced to the pulses is identical from pulse 
to pulse, and since essentially only the phase difference between two adjacent 
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pulses determines the data encoded by the RZ-DPSK signal, the impact from 
the saturation-induced chirp on the performance of RZ-DPSK is minimal. 

Fig. 6 shows the measured receiver sensitivities (input power to EDFA-2 
380) corresponding to the 16 conditions for the eye diagrams in Fig. 4. The bit 
5 error rate (BER) was 10 ^ The receiver sensitivity of RZ-DPSK was effectively 
independent of the degree of saturation of the SOA 350, whereas all other 
formats suffer significant degradation when the SOA 350 is strongly saturated. 
This is consistent with the eye diagram observations and confirms that saturated 
SOAs can be used in RZ-DPSK transmitters with negligible degradation in 
10 performance. 

It is understood that the chirp induced by a saturated SOA in an RZ- 
DPSK signal may affect the dispersion tolerance of the signal to some extent. 
To quantify this effect an SOA output signal was transmitted over standard 
single mode fiber (SMF) and dispersion compensating fiber (DCF) of different 

15 lengths using the experimental apparatus 300 of Fig. 3. The fiber was inserted 
between the SOA 350 and OBPF-1 385. The optical power launched into the 
fiber was attenuated to below 0 dBm to ensure that self-phase modulation 
(SPM) would not occur. The measured receiver sensitivities against group 
velocity dispersion (GVD) are shown in Fig. 7, which shows the impact of chirp 

20 from the saturated SOA is small. The saturation-induced chirp mainly shifted 
the optimal residual dispersion from zero to a positive value in this experimental 
demonstration. 
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In one embodiment of the present invention a deeply saturated SOA is 
used in an RZ-DPSK (or its variants) transmitter (not shown) as an efficient 
power booster amplifier. The deep saturation also helps to regulate the final 
output power from the SOA against the variations of the connector and 
5 modulator losses in various stages in the transmitter. 

In another embodiment of the present Invention shown in Fig. 8. a 
plurality of deeply saturated SOAs 810 are used as a channel power equalizer 
to provide optical power equalization of a plurality of channels 820. 

In another embodiment of the present invention shown in Fig. 9, a 
10 plurality of deeply saturated SOAs 910 are used in an optical add-drop node 
900 to suppress transient optical power fluctuations of the signals being 
multiplexed by multiplexer 920. 

It is also understood that the present invention could also be applied to 
an RZ-DPSK receiver to improve the receiver power dynamic range. Further 
15 the present invention can also be used to erase amplitude-shift keyed (ASK) 
optical labels on optically labeled RZ-DPSK signals. 

Although the invention has been described with reference to illustrative 
embodiments, this description should not be construed in a limiting sense. 
Various modifications of the described embodiments, as well as other 
20 embodiments of the invention, which are apparent to persons skilled in the art to 
which the invention pertains, are deemed to lie within the principle and scope of 
the invention as defined by the appended claims. 
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Although the steps of various methods according to the invention are 
disclosed and discussed with reference to a particular sequence, the present 
invention is not limited to methods implementing some or all of those steps in 
those particular sequences. 



